Embryonic stem (ES) cells can differentiate into many cell types and are expected to be useful for tissue engineering. Recent reports have shown that ES cells can differentiate into insulin-producing cells in response to the transient expression of the pdx-1 gene, after the removal of feeder cells. To investigate the lineage of insulin-producing cells and their in vitro differentiation, we introduced the ␤geo gene, encoding a ␤-galactosidase-neomycin phosphotransferase fusion protein under the control of the mouse insulin 2 promoter, into ES cells that had been adapted to feederfree culture, and analyzed insulin gene expression during their in vitro differentiation. We also examined the expression of transcription factors that are related to the differentiation of the pancreas. X-gal staining analysis revealed ␤-galactosidase-positive cells on the surface and in the center of the embryoid body that proliferated during differentiation. Glucose-responsive insulin-producing cells, derived from our feeder-free ES cells, expressed insulin 2, pdx-1, Pax4, and Isl1 and also the glucagon, somatostatin, and PP genes. Moreover, the genes encoding p48, amylase, and carboxypeptidase A were also expressed. These results suggest that ES cells can differentiate not only into endocrine cells but also into exocrine cells of the pancreas, without the initiation of pdx-1 expression. Diabetes 52:1163-1168, 2003 M ouse embryonic stem (ES) cells are continuous cell lines derived directly from the fetal founder tissue of the preimplantation embryo. They can be expanded in culture while retaining the functional attributes of pluripotent early embryo cells. Their capacity for multilineage differentiation is reproduced in culture, as ES cells can differentiate into a wide range of well-defined cell types. Cell transplantation to restore tissue function after disease or injury is in theory applicable to a huge variety of human diseases. Thus, the use of lineage-restricted differentiation techniques developed for ES cells will promote future cell therapy. Moreover, an in vitro ES cell differentiation system will be valuable for research into early embryonic cell lineage. We and other groups have shown that ES cells can differentiate into the endoderm cell lineage (1-5). Recently, several groups have reported that ES cells can be induced to differentiate into insulin-producing cells These reports indicate that ES cells can differentiate into insulin-producing cells, but the cell lineage of these insulin-producing cells is still unknown. Indeed, insulin gene expression has been observed not only in the pancreas but also in the yolk sac and embryonic brain in vivo (6,7). To assess the cell lineage of insulin-producing cells during their differentiation from ES cells, we have developed ES cell lines carrying a lacZ-neomycin phosphotransferase fusion gene (␤geo) under the mouse insulin 2 gene promoter and analyzed the lacZ expression pattern of clusters of differentiating ES cells. Moreover, we have examined the expression of a series of transcription factors related to the development of the pancreas in vivo (8 -10) to analyze the cell lineage of the insulin-producing cells.
M
ouse embryonic stem (ES) cells are continuous cell lines derived directly from the fetal founder tissue of the preimplantation embryo. They can be expanded in culture while retaining the functional attributes of pluripotent early embryo cells. Their capacity for multilineage differentiation is reproduced in culture, as ES cells can differentiate into a wide range of well-defined cell types. Cell transplantation to restore tissue function after disease or injury is in theory applicable to a huge variety of human diseases. Thus, the use of lineage-restricted differentiation techniques developed for ES cells will promote future cell therapy. Moreover, an in vitro ES cell differentiation system will be valuable for research into early embryonic cell lineage. We and other groups have shown that ES cells can differentiate into the endoderm cell lineage (1) (2) (3) (4) (5) . Recently, several groups have reported that ES cells can be induced to differentiate into insulin-producing cells. The pioneer work by Soria et al. (1, 2) derived insulinproducing cells from mouse ES cells transfected with the ␤geo gene driven by the human insulin promoter, which allowed them to purify insulin-producing cells, and Assady et al. (3) reported that human ES cells spontaneously differentiate into insulin-producing cells via embryoid body (EB) formation. Recently Lumelsky et al. (4) reported the successful differentiation of mouse ES cells into insulin-secreting structures similar to pancreatic islets with a sophisticated five-stage method.
These reports indicate that ES cells can differentiate into insulin-producing cells, but the cell lineage of these insulin-producing cells is still unknown. Indeed, insulin gene expression has been observed not only in the pancreas but also in the yolk sac and embryonic brain in vivo (6, 7) . To assess the cell lineage of insulin-producing cells during their differentiation from ES cells, we have developed ES cell lines carrying a lacZ-neomycin phosphotransferase fusion gene (␤geo) under the mouse insulin 2 gene promoter and analyzed the lacZ expression pattern of clusters of differentiating ES cells. Moreover, we have examined the expression of a series of transcription factors related to the development of the pancreas in vivo (8 -10) to analyze the cell lineage of the insulin-producing cells.
A previous report suggested that the removal of feeder cells is a trigger for the expression of pdx-1, which in turn induces the differentiation of ES cells into insulin-producing cells (4) . If so, then feeder-free ES cells may not be suitable for differentiation into insulin-producing cells. For using human ES cells for cell therapy, however, a feederfree culture system is desirable. Moreover, a feeder-free culture system permits us to simplify the analysis of the environmental factors that are involved in the differentiation of ES cells. Thus, to examine the significance of the initiation of pdx-1 expression in ES cells, we investigated whether ES cells that were maintained under feeder-free conditions could differentiate into insulin-producing cells.
glycerate-kinase (pgk) promoter-driven puromycin-resistance gene. Linearized plasmid was introduced into ES cells by electroporation (800 V, 3 F) using a Bio-Rad gene pulser. ES cells were then selected using 1.5 g/ml puromycin (Sigma-Aldrich, St. Louis, MO) to establish ES clones harboring the insulin 2-␤geo gene. In vitro differentiation procedure. ES cells (stage 1) were dissociated into a single-cell suspension with 0.25% trypsin/0.04% EDTA in PBS and plated onto bacterial culture plates at a density of 2-2.5 ϫ 10 4 cells/cm 2 in DMEM containing 10% FCS. The stage 2 cell clusters, which are also known as EBs, were allowed to form for 4 -5 days, then replated onto gelatinized plates in DMEM containing 10% FCS. After incubation for 2 days to allow the EBs to attach to the plate, the medium was replaced with serum-free ITSFn medium (11) , and the cells were incubated for 4 -7 days. Most of the cells died in this medium, and the surviving cells (stage 3 cell clusters) were dissociated using 0.25% trypsin/0.04% EDTA and replated on gelatinized plates at a concentration of 0.5-2 ϫ 10 5 cells/cm 2 in DMEM/F-12 (1:1; Invitrogen, Carlsbad, CA) containing 25 g/ml insulin (Sigma-Aldrich), 100 g/ml transferrin (SigmaAldrich), 20 nmol/l progesterone (Sigma-Aldrich), 60 mol/l putrescine (Sigma-Aldrich), 30 nmol/l sodium selenite (Sigma-Aldrich), 10 ng/ml human keratinocyte growth factor (Peprotech EC, London, U.K.), 20 ng/ml epidermal growth factor (Sigma-Aldrich), and 25 ng/ml basic fibroblast growth factor (Strathmann Biotech, Hamburg, Germany), in the presence of B27 supplement (Invitrogen) and 10 ng/ml nicotinamide, and cultured for 6 -8 days (stage 4 cell clusters). RNA extraction and RT-PCR analysis. Total RNA was prepared from the undifferentiated and differentiating parental ES cells and the ␤geo-expressing cells at each culture stage (stages 1-4) by the acid guanidinium thiocyanatephenol-chloroform method followed by DNase treatment (12) . One entire plate of cells was used for each isolation of total RNA. For cDNA synthesis, oligo dT primers were used to prime the RT reactions. The primers for RT-PCR were designed according to the published mouse sequences, and the PCR products were confirmed by sequence analysis. The primer sequences and PCR conditions used for the RT-PCR are shown in Table 1 . X-gal staining and immunohistochemical analysis. For the X-gal staining, the cells were fixed with 1% glutaraldehyde, and ␤-galactosidase (␤-gal) enzyme activity was detected using X-gal. For analyzing cross-sections of EBs, the EBs were stained with X-gal, cross-sections were cut, and the sections were counterstained with eosin. For immunohistochemical analysis, cells were fixed with 4% paraformaldehyde in PBS. After blocking with 5% normal goat serum (DAKO, Kyoto, Japan) for 30 min at room temperature, the cells were incubated overnight at 4°C with primary antibodies: guinea pig antiinsulin (DAKO), rabbit anti-glucagon (DAKO), rabbit anti-pdx-1 (gift from Dr. Kajimoto, Osaka University Medical School, Osaka, Japan), or mouse anti-␤-gal (Promega, Madison, WI). The cells were then incubated with the appropriate second antibodies and labeled with Alexa 488 or Alexa 568 (Molecular Probes, Eugene, OR) for 1 h at room temperature. Alexa 488 was excited at 488 nm and Alexa 568 at 543 nm, using the Leica confocal microscope system TCS SP2 (Leica Microsystems AG, Wetzlar, Germany). Insulin secretion assays. For static incubation, stage 4 cell clusters were cultured in a 60-mm dish and allowed to grow for 5 days. The cell clusters from one dish were harvested, washed five times, and incubated in 500 l of Krebs buffer containing 3.3 mmol/l glucose for 1 h. The culture supernatants were collected after 1 h of incubation. The cells were then washed three times and incubated in Krebs buffer containing 25 mmol/l glucose for 1 h. At the end of the incubation period, the supernatants were collected. The insulin concentration of the culture supernatants was assayed using an enzymelinked immunosorbent assay kit (Mercodia, Uppsala, Sweden). All values were determined against a standard curve prepared with rat insulin. The total protein of the cells in each experiment was measured by the Bradford method to normalize the amount of insulin secretion. Each experiment was performed at least in triplicate.
RESULTS

Establishment of the ins2-␤geo ES cell line.
The insulin 2 reporter transgene was engineered to express a fusion protein between ␤-gal and neomycin phosphotransferase (␤geo) under the control of the mouse insulin 2 promoter. The vector contained a pgk-puromycin unit, which allowed positive selection of transfected ES cells in the presence of puromycin. After the vector DNA was introduced into EB3 ES cells by electroporation, puromycin-resistant clones were isolated. Two ES cell lines were established (ins2-␤geo5, ins2-␤geo11). Integration of the entire expression cassette was confirmed by PCR (data not shown). These ES cell lines could be maintained in a morphologically undifferentiated state after several passages and had a growth rate similar to the parental EB3 ES cells without feeder cells and in the presence of LIF. These two cell lines showed the same gene expression pattern as the parental cells during differentiation (see below). At stage 4, the cell clusters formed either adherent colonies or floating spheres similar to those reported by Soria et al. (2) . Gene expression pattern during differentiation. We In contrast, the expression of the Oct-3/4 gene, which is required for the maintenance of the undifferentiated state (23), was expressed in stage 1 ES cells, and its level gradually decreased, inversely with the progress of differentiation. Previously, the removal of growth factors was shown to induce the further differentiation in insulinproducing cells (4) . However, our results showed that the removal of the growth factors from stage 4 cell clusters did not increase the insulin gene expression or insulin synthesis (data not shown). Stage 4 cell clusters could be maintained for at least 2 weeks with limited growth by (Fig. 2) . At stage 1, the undifferentiated ES cells did not show any ␤-gal activity in either the parental ES cells or the ins2-␤geo cells (Fig. 2A) . As early as stage 2, ␤-gal-expressing cells were observed, mainly on the surface of the EBs: the EB surface is recognized as a model for the primitive endoderm of the embryo in vivo (Fig. 2B and C) . The ␤-gal gene-expressing cells were also observed scattered among the cells of the inner layer of the EBs: the inner layer is recognized as a model for the primitive ectoderm of the embryo in vivo (Fig. 2C) . At stage 3, after selection culture in serum-free culture medium, cells expressing ␤-gal were observed scattered among nonexpressing cells in the clusters (Fig. 2D) . At stage 4, the number of cells expressing ␤-gal had increased in both the adherent colonies and floating spheres (Fig. 2E and F) . Immunohistochemical analysis of stage 4 cell clusters. Differentiated ES cell clusters at stage 4 were analyzed immunohistochemically. Staining for insulin revealed that a large percentage of the cells produced insulin at stage 4. To confirm whether ␤-gal was correctly expressed in newly developed ins2-␤geo ES cells, we performed double immunostaining for insulin and ␤-gal protein (Fig. 3A-C) . In stage 4 cell clusters, the insulinpositive cells coincided exactly with the ␤-gal-positive cells. Thus, insulin gene expression was correctly detected in our ins2-␤geo ES cells. The immunohistochemical study showed that the pdx-1 protein was localized to the nucleus of the insulin-producing cells (Fig. 3G and H) . Moreover, Glut2 protein was detected in the differentiated cells (data not shown). All of these data support the idea that the insulin-positive cells were very similar to normal pancreatic ␤-cells. However, our insulin-positive cells also stained with glucagon ( Fig. 3D-F) , suggesting that these cells were still developmentally immature (24, 25) .
Glucose-induced insulin secretion from stage 4 cell clusters. Stage 4 cell clusters were examined for glucoseinduced insulin secretion (Fig. 3I) . In the presence of 3.3 mmol/l glucose, stage 4 cell clusters secreted insulin at 1,851 pg ⅐ mg protein Ϫ1 ⅐ h Ϫ1 (ins2-␤geo5) and 2,538 pg ⅐ mg protein Ϫ1 ⅐ h Ϫ1 (ins2-␤geo11) in independent clones. The addition of 25 mmol/l glucose stimulated the insulin release to 4,732 pg ⅐ mg protein Ϫ1 ⅐ h Ϫ1 and 3,255 pg ⅐ mg protein Ϫ1 ⅐ h Ϫ1 , respectively. Thus, our feeder-free ES cells could differentiate into glucose-responsive insulin-secreting cells, as previously reported for feeder-dependent ES cells.
DISCUSSION
In this study, we investigated the profile of insulin gene expression during the differentiation of ES cells, using cells expressing lacZ under the mouse insulin 2 promoter. The gene expression pattern of the ES cells during differentiation indicated that ES cells have the potential to differentiate not only into endocrine but also into exocrine cells. It is interesting that our ES cells, which can be maintained in a feeder-free condition and do not express pdx-1 in the undifferentiated status, differentiated into glucose-responsive insulin-producing cells.
A previous report showed that the removal of feeder cells induced the expression of pdx-1 in undifferentiated ES cells, leading to the progression of differentiation into insulin-producing cells (4) . Human ES cells have usually been maintained with mouse feeder cells (26) , but recently it was reported that human ES cells can be maintained without feeder cells (27) . Feeder-free ES cell culture systems are essential to avoid the possible contamination of nonhuman cells if human ES cells are to be used for transplantation into humans, and such systems are suitable for the large-scale culture of ES cells for cell replacement. Thus, it is important to know whether ES cells can differentiate into insulin-producing cells without the initiation of pdx-1 gene expression being induced by the removal of feeder cells at a very early stage of differentiation.
Our feeder-free ES cells did not express the pdx-1 gene from stages 1 to 3. Along with the expression of pancreatic hormones, the pdx-1 gene started to be expressed at stage 4. In addition, the Glut2, glucokinase, Kir6.2, and prohormone-converting enzyme 2 genes, which are necessary for glucose-induced insulin secretion, were also first expressed at stage 4. Moreover, the pdx-1 protein was localized to the nucleus of insulin-positive differentiated cells, leading to the proper physiological function of insulin-secreting cells, although the pdx-1 protein level was low compared with that of the MIN6 cells, an insulinoma cell line (28) . Although the insulin secretory response to glucose differed among the cell lines, insulinproducing cells could be differentiated successfully without the initial drive of pdx-1 gene expression in undifferentiated ES cells. Our results encourage the use of feeder-free ES cells for replacement therapy for diabetes.
The newly established ins2-␤geo ES cell lines enabled us to trace the insulin-promoter active cells during the in vitro differentiation of ES cells. We observed ␤-gal expression as early as stage 2, the EB stage. ␤-gal-expressing cells were detected mainly on the surface of the EBs and scattered throughout their inner layer. Considering that the epiblast gives rise to definitive endoderm during gastrulation, the EBs arising from in vitro differentiation might not contain endodermal cells mature enough to express the insulin gene. Thus, the ␤-gal gene expression, observed at the stage 2 during in vitro differentiation, might not be accounted for by the presence of definitive endoderm-derived cells. Further in vivo investigation is needed to learn the specific cell fate of the ␤-gal-positive cells observed in EBs during the in vitro differentiation of ES cells.
Gene expression analysis by RT-PCR showed that the insulin 2, glucagon, PP, somatostatin, and IAPP genes were expressed in stage 4 cell clusters, whereas insulin 1 gene expression could not be detected at any stage. Two nonallelic insulin genes are expressed in rodents (7). The insulin 2 gene is expressed in the developing brain and yolk sac as well as in the pancreatic ␤-cells (6 -8), whereas insulin 1 gene expression is restricted to the pancreatic ␤-cells (7), suggesting that our ES cell-derived insulinpositive cells might not be fully mature, as compared with adult pancreatic ␤-cells.
The pattern of transcription factor gene expression during in vitro differentiation revealed another aspect of the cell lineage of our insulin-positive cells. The neurogenin3, Beta2, Pax6, Nkx2.2, and Nkx6.1 genes, which have pivotal roles in the development of pancreatic endocrine cells, were expressed as early as at stage 2 (the EB stage) and were also expressed in the cells selected in serum-free medium (stage 3). These transcription factors are also expressed in the developing brain and are associated with the differentiation of neurons (8, 10) . Considering that pancreatic ␤-cells are known to share some characteristics of neurons, it cannot be excluded that the differentiated insulin-producing cells were derived from neuronal progenitors. Although Isl1 is one of the transcription factors that is expressed in both neurons and pancreatic endocrine cells (8, 10, 14) , the expression of isl1 was restricted to stage 4. Similarly, Pax4, one of the islet-specific celltype determination factors (10,13), was not expressed until stage 4. It has been reported that Pax4 disappears when the ␤-cell type has been set (10), but Pax4 gene expression never disappeared in the stage 4 cells. In our study, the carboxypeptidase A and amylase genes were also expressed in stage 4 ES cells in accordance with the gene expression of p48, a determinant transcription factor for exocrine development (15) .
Although we showed that ES cells could differentiate into insulin-secreting cells without the priming of pdx-1 gene expression, the resulting insulin-producing cells coproduced glucagon and expressed only the insulin 2 gene but not the insulin 1 gene, suggesting that these insulinproducing cells were not mature enough to cure diabetes. In fact, we transplanted stage 4 cell clusters into streptozotocin-induced diabetic mice, but blood glucose levels were not lowered. To improve the insulin production, we tried to purify insulin-positive cells by neomycin selection, but we found it difficult, probably because of low resistance to neomycin or limited proliferation capacity of insulin-positive cells. However, Soria et al. (1) showed that implantation of ES-derived insulin-secreting cells into streptozotocin-induced diabetic mice led to correction of hyperglycemia. They also observed the ␤-gal gene expression driven by human insulin promoter and insulin production even 4 months after the engraftment (2). The reason for the difference in the capability of reversal of diabetes in vivo between these and our ES cell-derived insulin-producing cells is not clear, but it should be essential to improve further the methods of differentiation and purification of insulin-producing cells.
The growth and differentiation of the pancreas also requires a series of initial and secondary inductive signals emanating from the surrounding mesenchymal tissues (8 -10,29) . Thus, it is possible that certain mesenchymal factors are required for the full maturation of insulinpositive cells differentiated from the ES cells. Immunostaining and RT-PCR analysis showed that there was a relatively low level of pdx-1 expression in differentiated ES cells when compared with the mature insulin-producing cells. Thus, the elevation of pdx-1 gene expression in the differentiated ES cells may be another strategy for obtaining the well-differentiated insulin-producing cells for future cell therapy for diabetes.
